The primary issue in developing hexapod robots is generating legged motion without tumbling. However, when the hexapod is designed with collocated actuators, where each joint is directly mounted with an actuator, the number of actuators is usually high. The adverse effects of using a great number of actuators include the rise in the challenge of algorithms to control legged motion, the decline in loading capacity, and the increase in the cost of construction. In order to alleviate these problems, we propose a hexapod robot design with non-collocated actuators which is achieved through mechanisms. This hexapod robot is reliable and robust which, because of its mechanism-generated (as opposed to computer-generated) tripod gaits, is always is statically stable, even if running out of battery or due to electronic failure.
Introduction
Wheeled robots can efficiently move on flat surfaces, but they become ineffective as soon as they encounter rough and uneven environments, which comprise the majority of the Earth's surface. For such terrains, legged robots simply always outperform wheeled robots. Hence, the development of a legged robot is motivated by the need to maneuver over rough terrains for outdoor activities.
The challenge of developing a legged robot lies in one primary fact: how to generate the legged motion without tumbling. In 1968, McGhee and Frank [1, 2] proposed the center of gravity projection (COG) method, where the legged robot is statically stable if the horizontal projection of its COG lies inside the support polygon, defined as the convex polygon formed by connecting footprints. Orin [3] proposed a generalized COG in 1976 called the COP (center of pressure) method, wherein a robot is dynamically stable if the projection of the COG along the direction of the resultant force acting on the COG lies inside the support polygon. A variety of legged robots, including quadruped, hexapod, and octopod robots commonly practice the above methods [4] [5] [6] . On the other hand, bipedal robots favor the ZMP (zero moment point) method, first defined by Vukabratovic and Juricic [7, 8] in 1969, stating that a robot is stable if the moment about the COP at its supporting foot is zero.
Meanwhile, two distinct methodologies evolved and were later introduced into robotics-that is, fuzzy theories and neural networks. Fuzzy theories [9] [10] [11] address the imprecision of systems by defining the fuzzy numbers or fuzzy sets that can be expressed in linguistic terms. For instance, the technology for finding the best value of foot acceleration for a given trajectory can be achieved by using a very simple Mamdani fuzzy inference system [12] . Once the foot acceleration function has been obtained, the real-time implementation of the fuzzy reasoning process can be optimized [13, 14] . Neural networks [15] [16] [17] are able to represent complex nonlinear relationships and are good at classifying patterns into preselected categories used in the training process. One important observation from neuroscience is that the CPG (central pattern generator) [18, 19] located in the spinal cord is an autonomous device generating rhythmic behaviors such as locomotion, requiring neither peripheral spinal cord is an autonomous device generating rhythmic behaviors such as locomotion, requiring neither peripheral sensor feedback nor the regulation command from the brain-stem. Hybrid schemes using either fuzzy controllers or neural networks to implement bionic control are appealing, and have been conducted extensively in many articles (e.g., [20] [21] [22] [23] [24] [25] [26] [27] ).
We found that all of the legged robots under discussion are designed with collocated actuators. That is, each joint is mounted with an actuator so that the number of actuators is usually high. The adverse effects of using a great number of actuators include increasing the challenge of algorithms to control legged motions, degrading the loading capacity, and raising the cost of construction. This inspired us to overcome these weaknesses before resorting to other techniques. Hence, we designed an innovative mechanism to lessen the number of actuators. Since stable tripod gaits are generated by mechanism instead of computer, a great amount of computing resources can be released and diverted to engineering applications. In this paper, we will briefly discuss some design issues, elaborate the mechanism of reducing the number of actuators, establish the mathematical model, and introduce the relevant hardware as well as software.
Design Issues
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(a) (b) The closed control system of this robot was configured as shown in Figure 4 , where , , stand for the outputs of the bottom, upper, and swivel motors after reduction gears, accordingly. The encoders attached with motors were the feedback sensors for the inner loop. Those incremental encoders are vulnerable to accumulation errors and are unable to identify the initial states whenever the system is restarted, hence proximity, LJ12A3-4-Z/BY, and microswitch sensors assisted for initialization and calibration. Besides, the purpose of using microswitches was to limit the operation of the swivel motor within a safety zone. The L298 N drivers were the H-bridges in the form of ICs (integrated circuits) with rated current 2 A and rated power 25 W. 
Mechanism
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Appl. Syst. Innov. 2018, 2, x FOR PEER REVIEW 5 of 15 respectively). Hence, this robot with a minimal number of non-collocated actuators can implement the stable tripod gaits using mechanisms. Compared to other hexapod robots with collocated actuators, each joint is directly mounted with an actuator, where the number of actuators could be as high as eighteen. This innovative mechanism uses only three actuators to achieve locomotion, and significantly reduces the cost of the robot. 
Tripod Gaits
The six legs of this robot can be divided into two sets, each of which consists of three legs (i.e., the anterior and posterior legs with the contralateral middle leg, to form a triangular support). In the following, the labels 1 and 2 refer to the bottom deck and upper deck, respectively. The tripod gaits of the robot can be generated by alternating two sets of tripod legs, as shown in Figure 9 where the legs with encirclement represent that they are on the ground while the others are off of the ground. As can be seen in Figure 9 , the hexapod robot can move without tumbling because its COG is always inside the triangular supports. Note that the static stability is guaranteed by means of mechanism instead of requiring a sophisticated algorithm. Hence, a great amount of computation time can be released for other uses. This robot changes its course by delicately coordinating the motions of its swivel and legs, as shown in Figure 10 where there are five stages arranged clockwise from the upper right corner to the upper left corner. At stage 1, the robot rests. At stage 2, the upper deck takes off its legs labeled as 2 and makes a swing counterclockwise while the legs of the bottom deck labeled as 1 remain on the ground. At stage 3, the bottom deck takes off its legs and makes a swing counterclockwise while the legs of the upper deck step on the ground. By repeating these motions, the robot can manage a turn around its center with any arbitrary degree. 
The six legs of this robot can be divided into two sets, each of which consists of three legs (i.e., the anterior and posterior legs with the contralateral middle leg, to form a triangular support). In the following, the labels 1 and 2 refer to the bottom deck and upper deck, respectively. The tripod gaits of the robot can be generated by alternating two sets of tripod legs, as shown in Figure 9 where the legs with encirclement represent that they are on the ground while the others are off of the ground. As can be seen in Figure 9 , the hexapod robot can move without tumbling because its COG is always inside the triangular supports. Note that the static stability is guaranteed by means of mechanism instead of requiring a sophisticated algorithm. Hence, a great amount of computation time can be released for other uses.
The six legs of this robot can be divided into two sets, each of which consists of three legs (i.e., the anterior and posterior legs with the contralateral middle leg, to form a triangular support). In the following, the labels 1 and 2 refer to the bottom deck and upper deck, respectively. The tripod gaits of the robot can be generated by alternating two sets of tripod legs, as shown in Figure 9 where the legs with encirclement represent that they are on the ground while the others are off of the ground. As can be seen in Figure 9 , the hexapod robot can move without tumbling because its COG is always inside the triangular supports. Note that the static stability is guaranteed by means of mechanism instead of requiring a sophisticated algorithm. Hence, a great amount of computation time can be released for other uses. This robot changes its course by delicately coordinating the motions of its swivel and legs, as shown in Figure 10 where there are five stages arranged clockwise from the upper right corner to the upper left corner. At stage 1, the robot rests. At stage 2, the upper deck takes off its legs labeled as 2 and makes a swing counterclockwise while the legs of the bottom deck labeled as 1 remain on the ground. At stage 3, the bottom deck takes off its legs and makes a swing counterclockwise while the legs of the upper deck step on the ground. By repeating these motions, the robot can manage a turn around its center with any arbitrary degree. This robot changes its course by delicately coordinating the motions of its swivel and legs, as shown in Figure 10 where there are five stages arranged clockwise from the upper right corner to the upper left corner. At stage 1, the robot rests. At stage 2, the upper deck takes off its legs labeled as 2 and makes a swing counterclockwise while the legs of the bottom deck labeled as 1 remain on the ground. At stage 3, the bottom deck takes off its legs and makes a swing counterclockwise while the legs of the upper deck step on the ground. By repeating these motions, the robot can manage a turn around its center with any arbitrary degree. Note that the swing is a result of changing the cross-angle between two decks driven by the swivel motor. The swivel motor is installed at the bottom deck, and its output shaft is connected to the upper deck. During the procedure of changing orientation, both decks turn counterclockwise but the swivel motor does not. If the bottom deck keeps still, the output shaft of the swivel motor turns in the same direction as the upper deck, since the upper deck is driven by the shaft. Nevertheless, if the upper deck keeps still, the output shaft of the swivel motor must turn in the opposite direction to the bottom deck, because the bottom deck is driven by the body of the motor instead of its shaft. Hence, the swivel motor must alternate its direction according to which deck keeps still. Taking a close look at Figure 10 , the robot turns 30° in total, where stages 3 and 5 contribute 20° and 10°, respectively.
Modeling and Analysis
A simplified model is proposed here to analyze the motion of this hexapod. As a result of tripod gaits, each set of tripod legs can be grouped together and regarded as a single leg, and hence the hexapod can be reduced to a biped model with absolute stability whose initial posture is shown in Figure 11 , where G represents the center of mass of the robot; O , {i , j , k } stand for the origin and base vectors of the inertial frame; L, H, D are length, height, and distance; P , P denote the points at the feet corresponding to the bottom deck and upper deck, respectively. Note that the swing is a result of changing the cross-angle between two decks driven by the swivel motor. The swivel motor is installed at the bottom deck, and its output shaft is connected to the upper deck. During the procedure of changing orientation, both decks turn counterclockwise but the swivel motor does not. If the bottom deck keeps still, the output shaft of the swivel motor turns in the same direction as the upper deck, since the upper deck is driven by the shaft. Nevertheless, if the upper deck keeps still, the output shaft of the swivel motor must turn in the opposite direction to the bottom deck, because the bottom deck is driven by the body of the motor instead of its shaft. Hence, the swivel motor must alternate its direction according to which deck keeps still. Taking a close look at Figure 10 , the robot turns 30 • in total, where stages 3 and 5 contribute 20 • and 10 • , respectively.
A simplified model is proposed here to analyze the motion of this hexapod. As a result of tripod gaits, each set of tripod legs can be grouped together and regarded as a single leg, and hence the hexapod can be reduced to a biped model with absolute stability whose initial posture is shown in Figure 11 , where G represents the center of mass of the robot; O 0 , {i 0 , j 0 , k 0 } stand for the origin and base vectors of the inertial frame; L, H, D are length, height, and distance; P 1 , P 2 denote the points at the feet corresponding to the bottom deck and upper deck, respectively. tripod gaits, each set of tripod legs can be grouped together and regarded as a single leg, and hence the hexapod can be reduced to a biped model with absolute stability whose initial posture is shown in Figure 11 , where G represents the center of mass of the robot; O , {i , j , k } stand for the origin and base vectors of the inertial frame; L, H, D are length, height, and distance; P , P denote the points at the feet corresponding to the bottom deck and upper deck, respectively. Except for the indicial convention adapted to this particular configuration, a series of reference frames is launched according to the Denavit-Hartenberg convention as shown in Figure 12 . The center of mass G is initially aligned with the origin O 0 of inertial frame-0, and there is a bifurcation after frame-3 so that indexes 4b and 5b stand for the frames attached to G and P 2 . θ 1 and θ 2 stand for the outputs of the bottom deck and upper deck motors, respectively. ∅ 1 , ∅ 2 , and ∅ 3 are cross-angles between adjacent frames according to their geometrical configuration. Hence, the homogeneous transformation from frame-0 to frame-3 is defined in Equation (1):
Likewise, the transformations T 3 4a and T 3 5b are defined in Equations (2) and (3), respectively:
T 3 5b = Rot(z, ∅ 2 )Trans(L, 0, 0)Rot(z, θ 2 + 90 o )Trans(H, 0, 0).
The compound transformations of T 4a 0 and T 5b 0 can be obtained as follows:
Hence, the coordinates of G and P 2 can be defined in Equations (6) and (7), respectively:
Appl. Observing the whole periodic motions (i.e., forward and backward as shown in Figures 13 and  14) , the robot performs linear motion at the time events , , , , while it is either resting or managing a turn at the time events , , , , . The central pattern G described in Equation (6) in fact belongs to the time event . According to Figures 13 and 14 , the complete description of the central pattern must be defined piecewise as follows: 
where parameters H, D, and L are dimensions as shown in Figure 11 ; θ , θ stand for outputs of bottom and upper motors; ∅ (t ), ∅ (t ) are the cross-angles between frame-0 and frame-1 as shown in Figure 12 (a) at time events t , t . Note that ∅ is related to θ as described by Section 4 (i.e., alternating the swivel motor so that ∅ = θ when is pivoted and ∅ = −θ when is pivoted). Observing the whole periodic motions (i.e., forward and backward as shown in Figures 13 and 14) , the robot performs linear motion at the time events t −3 , t −1 , t 1 , t 3 , while it is either resting or managing a turn at the time events t −4 , t −2 , t 0 , t 2 , t 4 . The central pattern G described in Equation (6) in fact belongs to the time event t 1 . According to Figures 13 and 14 , the complete description of the central pattern must be defined piecewise as follows:
where parameters H, D, and L are dimensions as shown in Figure 11 ; θ 1 , θ 2 stand for outputs of bottom and upper motors; ∅ 3 (t 0 ), ∅ 3 (t 2 ) are the cross-angles between frame-0 and frame-1 as shown in Figure 12a at time events t 0 , t 1 . Note that ∅ 3 is related to θ 3 as described by Section 4 (i.e., alternating the swivel motor so that ∅ 3 = θ 3 when P 1 is pivoted and ∅ 3 = −θ 3 when P 2 is pivoted).
where parameters H, D, and L are dimensions as shown in Figure 11 ; θ , θ stand for outputs of bottom and upper motors; ∅ (t ), ∅ (t ) are the cross-angles between frame-0 and frame-1 as shown in Figure 12 (a) at time events t , t . Note that ∅ is related to θ as described by Section 4 (i.e., alternating the swivel motor so that ∅ = θ when is pivoted and ∅ = −θ when is pivoted). 
Hardware Configuration
The controller is as important to a robot as the brain is to a human. Considering cost, we prefer to select the controllers which make use of free software. One great achievement in the software community was the GPL (General Public License) proposed by Richard Stallman in 1989. It caused Linux to evolve and flourish. Consequently, many resources based on Linux can be accessed with no or with minimum charge. There are at least two candidates, both of which use the Linux operating system: the ARM embedded system and Raspberry Pi. We need an operating system to perform the multitasking of applications with fast reaction to time-critical events. Linux was created by Linus Torvalds when he was a student at the University of Helsinki in 1991. It is able to simplify system hardware design and programming, as well as the debugging of complex applications. Moreover, the spirit of GNU has created a wide variety of forums across the Internet, making it possible to collaborate with hobbyists or experts from around the world.
ARM embedded systems are primarily used to develop customized products, and requires more knowledge and expertise. If an ARM embedded system is used without development tools such as ADS, IAR, and RealView MDK etc., it not only has to establish the cross-compiling environment on a personal computer, but must also frequently download programs to the target board for debugging. The other option is the Raspberry Pi, which was originally developed in the United Kingdom by the Raspberry Pi Foundation to promote the teaching of basic computer science in schools and in developing countries. It can edit, compile, debug, and test programs directly on-board. Comparatively, the Raspberry Pi is easier than ARM embedded systems for use in developing a prototype.
After years of evolution, Linux operating systems have been diversified, resulting in variance among them. For Raspberry Pi Linux, the command evoking configuration is "sudo raspi-config" as shown in Figure 15 , but it is "setup" for Red Hat Linux. 
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After years of evolution, Linux operating systems have been diversified, resulting in variance among them. For Raspberry Pi Linux, the command evoking configuration is "sudo raspi-config" as shown in Figure 15 , but it is "setup" for Red Hat Linux. In order to access the Raspberry Pi on a crossing platform, you have to enable either the SSH server or serial login shell on the interfacing options of configuration menus. After completing configuration, it is ready for you to develop application programs with C, C++, Python, etc. In order to access the Raspberry Pi on a crossing platform, you have to enable either the SSH server or serial login shell on the interfacing options of configuration menus. After completing configuration, it is ready for you to develop application programs with C, C++, Python, etc. Figure 16 illustrates that the infrastructure of wireless remote control consists of a WLAN (wireless local area network) and a WAN (wide area network). The WLAN is based on Wi-Fi which is the IEEE 802.11 standard for wireless local area networking with devices. It has a range of about 20 m indoors and a greater range outdoors. A configuration of the Raspberry Pi must be done in order to access the robot through WLAN. That is, adding the following paragraphs to the file called "interfaces" located at/etc/network: The communication on a network must adopt protocols like human languages, having a set of written rules that must be followed for communication to be successful. Protocols determine packet size, information in the headers, and how data is stored in the packet. Both sides of the conversation must understand these rules for a successful transmission. Therefore, a common language must be agreed upon between communicating devices. If neither device has a common protocol installed, they cannot communicate. Hence, the programs to implement remote control are based upon those principles to establish the server-client networking connection, as shown in Figure 17 . The communication on a network must adopt protocols like human languages, having a set of written rules that must be followed for communication to be successful. Protocols determine packet size, information in the headers, and how data is stored in the packet. Both sides of the conversation must understand these rules for a successful transmission. Therefore, a common language must be agreed upon between communicating devices. If neither device has a common protocol installed, they cannot communicate. Hence, the programs to implement remote control are based upon those principles to establish the server-client networking connection, as shown in Figure 17 .
Software Development
local area network.
The communication on a network must adopt protocols like human languages, having a set of written rules that must be followed for communication to be successful. Protocols determine packet size, information in the headers, and how data is stored in the packet. Both sides of the conversation must understand these rules for a successful transmission. Therefore, a common language must be agreed upon between communicating devices. If neither device has a common protocol installed, they cannot communicate. Hence, the programs to implement remote control are based upon those principles to establish the server-client networking connection, as shown in Figure 17 . Table 1 illustrates the program paradigms for a server and client where the server has to specify the type of protocol and await a connection request from a client and meanwhile the client simply designates the port and address pointing to the remote server. Most protocols actually consist of several protocols grouped together in a suite. One protocol usually only covers one aspect of communications between devices. Since the TCP/IP suite has multiple protocols, the port is created and assigned with a number to identify the specific network service. The port numbers are divided into three categories: well-known ports 0-1023, registered ports 1024-49,151, and dynamic ports 49,152-65,535. For instance, the port numbers 21, 5, and 110, stand for FTP, SMTP, POP3 (i.e., file transfer, sending and receiving e-mail), respectively.
The robot creates a server socket listening to the local computer, and the local computer plays the role as an agent who has to create two sockets (i.e., a client socket to link with the robot through WLAN and a server socket to accept the connection from the remote computer across WAN). The information transaction shown in Figure 18 is initiated by the remote computer from which the robot must respond promptly for every request.
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The robot creates a server socket listening to the local computer, and the local computer plays the role as an agent who has to create two sockets (i.e., a client socket to link with the robot through WLAN and a server socket to accept the connection from the remote computer across WAN). The information transaction shown in Figure 18 is initiated by the remote computer from which the robot must respond promptly for every request. We are now surrounded by many kinds of digital devices such as desktop computers, notebook computers, smart phones, etc., all of which have been furnished with a GUI (graphical user interface) that we take for granted. The importance of a GUI is that it provides the sensation of a user-friendly interface to give an efficient interaction between the human and the machine. It is sufficient to use GCC (GNU Compiler Collection) to develop the application programs for the robot and the local computer. However, the remote computer which is a terminal for users must take the user interface into account. It is recommended to use Qt because Qt provides a cross-platform with an IDE (integrated development environment) that is used for developing application programs and GUIs. It simplifies the construction of a GUI, and has a class browser, an object browser, and a class We are now surrounded by many kinds of digital devices such as desktop computers, notebook computers, smart phones, etc., all of which have been furnished with a GUI (graphical user interface) that we take for granted. The importance of a GUI is that it provides the sensation of a user-friendly interface to give an efficient interaction between the human and the machine. It is sufficient to use GCC (GNU Compiler Collection) to develop the application programs for the robot and the local computer. However, the remote computer which is a terminal for users must take the user interface into account. It is recommended to use Qt because Qt provides a cross-platform with an IDE (integrated development environment) that is used for developing application programs and GUIs. It simplifies the construction of a GUI, and has a class browser, an object browser, and a class hierarchy diagram for use in object-oriented software development. The picture as shown in Figure 19 is the GUI created by Qt for this project. hierarchy diagram for use in object-oriented software development. The picture as shown in Figure  19 is the GUI created by Qt for this project. 
Simulation and Testing
A planned route for the robot to move as shown in Figure 20 is illustrated to justify the formula established by the previous section. Suppose that the robot initially rests at point-a and starts a sequence of forward motions. That is, striding three steps toward point-b; turning 45 o counterclockwise; striding three steps toward point-c; turning 45° counterclockwise; striding three steps toward point-d. Then, it manages a turn with 135 o clockwise and initiates a sequence of backward motions. That is, striding three steps toward point-e; turning 45 o counterclockwise; striding three steps toward point-f; turning 90 o counterclockwise; striding three steps toward point-a; turning 135 o clockwise. 
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Conclusions
When a hexapod is designed with collocated actuators, where each joint is directly mounted with an actuator, it leads to use a great number of actuators. Hence, we proposed a hexapod robot with a non-collocated actuators design which is achieved by means of mechanisms. There are several benefits brought by this improvement, including alleviating the challenge of algorithms to control legged motions, upgrading the loading capacity, and reducing the cost of construction. Figure 23 . Snapshots of the hexapod in motion.
When a hexapod is designed with collocated actuators, where each joint is directly mounted with an actuator, it leads to use a great number of actuators. Hence, we proposed a hexapod robot with a non-collocated actuators design which is achieved by means of mechanisms. There are several benefits brought by this improvement, including alleviating the challenge of algorithms to control legged motions, upgrading the loading capacity, and reducing the cost of construction. Moreover, most hexapod robots rely on their servos to generate periodic gaits, such that their servos must frequently reverse and easily suffer from overheating. Nevertheless, the periodic gaits of this robot are generated by mechanism, i.e., four-bar linkage, which prevents motors from frequently reversing. Since its tripod gaits are generated by mechanism instead of computer, it is always statically stable, even if it runs out of battery or experiences electronic failure. Hence, this hexapod robot is reliable and robust. Additionally, server-client networking programs based on TCP/IP connection across WLAN and WAN were adopted to implement the wireless control from a remote site. Due to the rapid growth of GPL communities, the trend of free software has become so overwhelming that there are abundant free resources based on Linux available for programmers. We chose the Raspberry Pi as the controller for this project because of its built-in Linux akin to abundant free resources so that we were able to leverage GCC and Qt to develop our application programs. The robotic project is interdisciplinary in its nature, and we successfully integrated the mechanisms, electronic hardware, and computer software to complete this project.
